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Retroreflectivity of pavement marking is one of the key factors for night time visibility, safety, and 3 comfort to those traveling on the state highway network. For this reason, the level of retroreflectance 4 provided by the pavement marking needs to be monitored accurately and maintained appropriately. In 5 recognition of the importance of the pavement marking retroreflectivity, the Federal Highway 6 Administration (FHWA) released their Docket number FHWA-2009-0139 in April, 2010 which proposed 7 that the Manual on Uniform Traffic Control Devices (MUTCD) include standards, guidance, options, and 8 supporting information needed for maintaining the minimum levels of pavement marking retroreflectivity 9
(1). As a result, the proposed revisions to the MUTCD including the minimum levels of pavement 10 marking retroreflectivity has been designated as Revision 1 to the 2009 Edition of the MUTCD (2). 11 12
Historically, the Florida Department of Transportation (FDOT) has used a combination of 13 handheld retroreflectometers and visual surveys to evaluate the retroreflectivity of pavement markings. 14 However, the disadvantage of the handheld units is that the data can only be collected at discrete 15 locations. In addition, testing with the handheld devices is labor intensive and presents potentially 16 hazardous to the operator and to the traveling public as testing requires maintenance of traffic. The primary objective of this study was to assess the precision and bias of the MRU for determining the 34 retroreflective characteristics of in-service pavement markings in Florida. The precision of the MRU was 35 expressed in terms of repeatability and reproducibility while the bias was evaluated using the handheld 36 retroreflectometer as a reference device. 37 38 39 RETROREFLECTANCE 40 41
Retroreflectivity of pavement markings and traffic signs is an important part of roadway guidance and 42 safety, especially at night. Pavement markings reflect light from the vehicle's headlamps back to the 43 operator's eyes. This process is called Retroreflectance (R L ), and is quantified as the ratio of the 44 luminance (or brightness) of an object as detected by a sensor to the illuminance of the object by a light 45 source and is expressed in units of millicandelas per meter squared per lux (mcd/m 2 /lux). Pavement 46 markings typically provide retroreflectivity through the application of small glass spheres (commonly 47 called beads) that are partially embedded into the pavement marking material. This allows incoming light 48 from the vehicle headlamps to reflect back to the origin of the light source, as illustrated in Figure 1 . 49 50 1 FIGURE 1 Method of creating a retroreflective effect using glass beads 2 3
Pavement markings can consist of various materials such as paints, thermoplastics and tapes, 4 many using the application of glass beads that can vary in size as well. Obtaining a single R L value for a 5 pavement marking using the handheld retroreflectometer or the MRU can be difficult due to factors that 6 influence the amount of retroreflectivity produced by glass beads such as the dispersion in a non-uniform 7 pattern, embedment depth, refraction index, size, clarity, and roundness. In addition, climate conditions 8 such as rain, fog, snow, ultraviolet light and heat can all affect retroreflective properties (11). 9 10 11 TESTING EQUIPMENT 12 13
The equipment used in this study included two MRUs and three handheld retroreflectometers, owned by 14 FDOT. The handheld and mobile retroreflectometers measure the retroreflectance by applying the "30 15 meter geometry" described in ASTM E 1710 (12). The 30 meter geometry consists of the following 16 assumptions: a typical passenger vehicle headlamp height of 0.65 m (2.1 ft.), a driver eye height of 1.2 m 17 (3.9 ft.), and a distance of 30 m (98 ft.) between the headlamps and the ground-based retroreflectance 18 target. In order to reduce the size of the measuring device, the MRU uses a 1/3rd scale of the 30 meter 19 geometry, as shown in Figure 2 . The geometry of the handheld retroreflectometer corresponds to a much 20 smaller scale. 21 22
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1 FIGURE 2 Standard 30 meter geometry and the 1/3 scale used in MRU 2 3
Handheld Retroreflectometer 4 5
The handheld devices used for this study were one Road Vista StripeMaster and two Delta LTL-X 6 retroreflectometers, all conforming to ASTM E 1710 and are shown in Mobile Retroreflectivity Unit 16 17
The two MRUs used in this study were both Road Vista Laserlux retroreflectometers mounted on full-size 18 passenger vans equipped with all the mechanical and electrical power supplies for evaluating pavement 19 markings. In addition, the vehicles include a data acquisition system for collecting and storing 20 information. A distance-measuring instrument (DMI) is provided to determine the position along the 21 roadway. The longitudinal distance measurement is critical in associating the precise location for each 22
Paper revised from original submittal. The MRU is equipped with a 10 mW Helium Neon (HeNe) laser to provide a controlled light 7 source with a wavelength of 632.8 nm (0.025 mils) (13). The other principal sub-system is the photo 8 detector which is a device that houses a silicon photodiode to convert the retroreflected light into an 9 electrical signal and an amplifier that magnifies the low-level signal to a measurable level (5). The test sites were selected to avoid breaks in the pavement marking and to minimize roadway geometric 5 variables such as inclines, declines, and curves. All tests were performed on the 152 mm (6 in.) wide 6 white edge-line. Prior to testing, the beginning and ending limits of the test sections were clearly 7 identified to ensure an accurate point of reference between all MRU tests. 8 9
Three handheld retroreflectometers were initially used to measure the retroreflectivity every 36.6 10 m (120 ft.), resulting in 44 measurements over the 1.6 km (1.0 mile) distance. At each site, the three 11 handheld devices were calibrated and used to measure the retroreflectivity of the pavement marking. The 12 resulting measurements were then averaged for each 0.16 km (0.10 mile) section for direct comparison 13 with the MRU data output. The longitudinal distance between each test was measured using a digital 14 measuring wheel with a 2.5 mm (0.1 in.) resolution. 15 16
Once the handheld measurements were completed, each MRU performed three repeat runs over 17 each test section. The MRUs were aligned in the center of the edge-line and the vehicle wander was 18 minimized to ± 6 inches from the center of the pavement marking. In addition, the same operators were 19 utilized throughout the series of tests and each operated the same MRU. In addition, ASTM C 670 states that an "acceptable difference between two test measurements" 44 or the "difference two-sigma limit" (d2s), can be selected as an appropriate index of precision. The d2s 45 index for a 95 percent confidence level can be calculated by multiplying the appropriate standard 46 deviation or coefficient of variation (COV) by 2 2 . (15). The appropriate standard deviation and 47 coefficient of variation (COV) are those that represent the within and between unit variation due to the 48 multiple MRU measurements made by two operators and two units. In this study, the above statistics 49 were first obtained for each segment, and then pooled to result in an overall estimate of the within unit 50 (repeatability) and between unit (reproducibility) variation as outlined in ASTM C 802 (16). The 1 precision statement was then determined based on the pooled statistics. The MRU data as well as the 2 analysis and the resulting precision statements are presented in the subsequent sections. 3 4 STATISTICAL ANALYSIS 5 6
The range and variation in data collected with the three handheld retroreflectometers and two MRUs for 7 each test section are illustrated in Figure 8 . Based on the measurements of both devices, the magnitude 8 ranged from 151 to 834 mcd/m 2 /lux. The retroreflectivity values for the handheld retroreflectometers were compared to the MRUs and are 2 illustrated in Figure 9 . Statistical analysis was also performed to assess the precision of the MRU in terms 3 of bias defined as the systematic error that contributes to the difference between the mean of the MRU 4 and the accepted reference measurement, which in this case is the average of the handheld measurements. 5
A matched-pairs t-test was conducted to test the significance in the mean difference between manual and 6 automated faulting measurements (15). The t and t crit statistics were calculated as 1.4 and 2.0, 7 respectively. Because the calculated t statistic falls inside of the ±t crit range, it can be concluded that the 8 MRU does not exhibit bias when compared to the handheld devices. FIGURE 11 Coefficient of variation vs. average retroreflectivity 7 8 In addition, the pooled variance, standard deviations, COV, d2s, and d2s% were calculated from the data 9
for the repeatability and reproducibility assessments of the MRU. A summary of the results is shown in 10 The present study was aimed at establishing the precision statement of the Mobile Retroreflectometer 26 Unit (MRU) for pavement marking retroreflectivity. For the precision and bias of the MRU, ten test 27 sections were selected to perform retroreflective measurements using the average results of three 28 handheld retroreflectometers as reference, in accordance with ASTM E-1710 (12). The results of two 29
MRUs were used as the basis for evaluating the repeatability and reproducibility of the MRU. 30 31
The average pavement marking retroreflectivity for the test sections ranged from 200 to 800 32 mcd/m 2 /lux. The MRU showed no statistically significant bias indicating that the device produces similar 33 retroreflectance measurements as the handheld retroreflectometer. The overall pooled standard deviation 34 for the retroreflectivity for the MRU was determined to be 12.0 mcd/m 2 /lux (within MRU) and 18.8 35 mcd/m 2 /lux (between MRUs). Also, the overall pooled coefficient of variance for the retroreflectivity for 36 the MRU was determined to be 2.8% (within MRU) and 4.7% (between MRUs). Therefore, the results of 37 two properly conducted retroreflectivity tests using the same MRU on the same pavement marking test 38 section should not differ by more than 7.8 percent at a 95 percent confidence level when using the same 39 MRU. In addition, the results of two properly conducted retroreflectivity tests using two Holzschuher for their assistance with the data collection effort and technical advice. 5 6 7 DISCLAIMER 8 9
The content of this paper reflects the views of the authors who are solely responsible for the facts and 10 accuracy of the data as well as for the opinions, findings and conclusions presented herein. The contents 11 do not necessarily reflect the official views or policies of the Florida Department of Transportation. This 12 paper does not constitute a standard, specification, or regulation. In addition, the above listed agency 13 assumes no liability for its contents or use thereof. 14 15 16
